Accurate evaluation of morphological and physiological traits is critical for selection of wheat (Triticum aestivum L.) cultivars exhibiting high yield, which is stable over different growing conditions. In order to use selection index based on high yield, high grain quality and drought tolerance in wheat, a set of 145 CIMMYT Wheat Physiological Germplasm Screening Nursery lines and seven local spring wheat varieties were pheno typed and evaluated for physiological and yield traits under two irrigation regimes during the 2011 and 2012 growing seasons in Xinjiang, China. The results showed that drought-stress significantly increased canopy temperature but reduced grain yield, grain weight per spike, normalized difference vegetation index at the flowering and grain filling stages, chlorophyll content at the grain filling stage, grain plumpness, grain number per spike, thousandgrain weight, and plant height. Grain weight per spike, plant height and grain plumpness explained 61.8% of the total phenotypic variation in grain yield under nostress conditions, where they were the three principal factors most closely related to grain yield. Under droughtstress conditions, canopy temper ature at the grain filling stage, plant height and grain plumpness were the three principal factors affecting grain yield, and contributed 44.8% of the total phenotypic variation in grain yield. Finally, ten genotypes, including three local varieties, 'Xinchun 11', 'Xinchun 23' and 'Xinchun 29', with appropriate plant height and high and stable yield under both no-stress and drought-stress conditions over the two years of trials, were identified and can be recommended as core parents for spring wheat drought tolerance breeding in Xinjiang, China.
Introduction
Drought is one of the most severe abiotic factors limiting agri cultural production in arid and semiarid regions (Delmer 2005) . Drought can be prolonged or seasonal, since rainfall in such areas is very seasonal, and periodic drought occurs regularly. About 230 million ha of farm land is used for wheat cultivation worldwide, and half of this area is regu larly affected by drought ). Xinjiang has a temperate continental climate, with low rainfall and low humidity, and is typical of an arid or semiarid desert region. The data on wheat drought tolerance research in Xinjiang is valuable for wheat breeders, especially for those working in droughtprone regions of the world.
Droughtstress results in average wheat yield losses of 17%-70% (Nouriganbalani et al. 2009 ). Breeding crop both stress and nostress conditions (Lan 1998 , Lan et al. 1990 . Drought yield index (DYI), water yield index (WYI) and yield high water-use efficiency index (YH-WUEI) were suggested to be used together for evaluating drought toler ant genotypes, and also for simultaneous screening of geno types for high water-use efficiency (Wu et al. 2005) . Geno types identified on the basis of high values of DYI, WYI and YHWUEI have greater adaptability and stability, and achieve higher yields under both droughtstress and no stress conditions. Higher DYI, WYI and YHWUEI values (>1.05) were reported for accessions with high wateruse efficiency and lower values (<0.95) were observed for ac cessions with low water-use efficiency, whereas values be tween 0.95 to 1.05 were shown to be associated with acces sions exhibiting moderate water-use efficiency (Wu et al. 2005) .
Wheat is one of the most important food crops in China and is the principal food crop in Xinjiang, China, a typical arid or semiarid region. Droughtstress is the major yield limiting abiotic factor for wheat production in Xinjiang, which has an average annual rainfall of approximately 200 mm, with less than 100 mm rainfall occurring during the wheatgrowing season (Li et al. 2015) . Without irriga tion, there is no yield from crops grown in most regions of Xinjiang, as evaporation losses in the plains area are very high. However, irrigation water in Xinjiang is routinely in short supply during the wheat grain filling stage because of limited water availability. The main breeding objectives for wheat in Xinjiang are high and stable yield, with good adaptability to uncertain droughtstress conditions. In order to screen for the selection index of high yield and high grain quality under droughtstress in wheat, a set of 145 CIMMYT WPHYSGP nursery lines and seven local spring wheat varieties were phenotyped and evaluated for physio logical and yield traits under two irrigation regimes during the 2011 and 2012 growing seasons in Xinjiang, China. In this paper, we report the evaluation and phenotyping of these wheat genotypes in response to drought, and the iden tification of the best-adapted genotypes, exhibiting high yields under both stress and nostress conditions, as poten tial parents in wheat breeding programs in Xinjiang and are as with similar droughtprone climates.
Materials and Methods

Wheat genotypes
A total of 152 wheat genotypes were used in the trials, including seven Xinjiang locally bred spring wheat varie ties, well adapted to conditions in the north of Xinjiang, and 145 lines from the CIMMYT Wheat Physiological Germ plasm Screening (WPHYSGP) nursery in Mexico, where screening had been carried out for improved drought re sponse. Of the seven local varieties, Xinchun 6, Xinchun 11, Xinchun 17 and Xinchun 29 are leading varieties in differ ent regions of Xinjiang, while 'Xinchun 6' is also the local check variety in regional trials in Xinjiang.
cultivars for the ability to withstand drought is an important strategy, and is necessary to withstand both mild and severe stress conditions. However, better characterization of the ranges of droughtstress responses among available germ plasm, and a comprehensive understanding of the physio logical mechanisms associated with droughtstress response is crucial to ensure acceptable yield when drought occurs (Rizza et al. 2004) . Three physiological and morphological mechanisms, namely drought escape, drought avoidance and drought tolerance, are known to be exhibited in response to drought (Levitt 1980) , and crop plants may use combinations of different stresswithstanding mechanisms to cope with droughtstress at any one time (Cheng et al. 2016 , Zhang et al. 2012 .
Breeding crop cultivars with the ability to withstand drought should use a combination of different relevant traits as selection criteria, rather than a single trait. The traits for selection (or screening) for drought escape, avoidance or tolerance and the droughtstress breeding framework de pend on the level and timing of stresses in the targeted area (Araus et al. 2002) . Some physiological traits are related to drought coping, such as rapid ground cover or early vigor (Richards and Lukacs 2002) , "staygreen" (Nawaz et al. 2013) , canopy temperature and canopy temperature depres sion (Pinto et al. 2015 , Rebetzke et al. 2013 , stable carbon isotope discrimination (CabreraBosquet et al. 2017 , Rebetzke et al. 2008 , the normalized difference vegetation index (NDVI) (Christopher et al. 2014, Lopes and Reynolds 2012) and chlorophyll content (measured as SPAD) (Barakat et al. 2015 , Hamblin et al. 2014 . Physiological and morphological traits under droughtstress conditions, such as grain yield per plant (Chen et al. 2012 , Mwadzingeni et al. 2017 , leaf rolling (Bogale et al. 2011 , Kadioglu et al. 2012 , and plant height (Jatoi et al. 2011) , are also associat ed with drought coping, and can be used to screen for high yield germplasm accessions under droughtstress condi tions. Grain plumpness is significantly positively correlated with grain yield under stress conditions (Waldron 1933) . The number of grains per spike and grain weight per spike have a positive association with grain yield. However, grain number per spike, thousandgrain weight and especially grain yield are more sensitive to droughtstress than are plant height and the number of spikelets per spike (Denčić et al. 2000 , Rebetzke et al. 2016 . Therefore, breeders usu ally place greater emphasis on yield performance under droughtstress conditions. Drought indices (DIs), measures of drought based on the reduction of grain yield under droughtstress conditions, compared with that under normal irrigated conditions, have been used for drought tolerance evaluation. The stress sus ceptibility index (SSI) has also been proposed for measure ment of yield stability, based on the differences between potential and actual yields under stress environments (Willick et al. 2018) . Meanwhile, the drought resistance co efficient (Chinoy 1961 ) and the drought resistance index (DI) were used to identify genotypes achieving high yield under
Agronomic traits
In both the 2011 and 2012 growing seasons, days to heading, plant height, grain plumpness, thousandgrain weight, spike number per plant, spikelet number per spike, spike length, grain number per spike, grain weight per spike, and grain weight per plant were determined. Days to heading was measured as the number of days from planting until 50% of the main culm spikes emerged from the boot in each plot. Plant height was measured as the distance from the ground to the top of spike (excluding the awns) at matu rity. Physiological maturity was recorded when the green color was about to disappear from the upper portion of the main culm peduncle and there was complete loss of green color from the flag leaves. Days to physiological maturity was counted as the number of days from planting to physio logical maturity. Grain plumpness was classified on a nineclass scale, from 1 (very shriveled) to 9 (well rounded). Ten wholeplant samples from each T1 and T2 plot were taken before harvesting and used for collecting spike number per plant, spikelet number per spike, spike length, grain number per spike, grain weight per spike, and grain weight per plant. Weights were expressed at a moisture content of 13%.
Physiological measurements
Previous studies had shown that reduction in canopy temperature at solar noon correlated better with yield than it did in the morning or late afternoon (Reynolds et al. 1994) . CT was measured in both 2011 and 2012 at the midgrain filling stage (18 d after flowering), using a hand-held infra red thermometer Optris LS LT (Optris Infrared Sensing, Portsmouth, NH, USA) between 13:00 and 15:00 h during the day, selecting days with clear skies and low wind, keep ing the sun behind the operator and measuring the tempera ture of the canopy exposed to the sun (Reynolds et al. 1994) .
Normalized difference vegetation index (NDVI) was determined with the Green Seeker 505 (NTech Industries Inc., Sunnyvale, CA, USA) on the central rows of all plots. In both the 2011 and 2012 growing seasons, NDVI was measured at the jointing stage, flowering stage and midgrain filling stage. NDVI reflected the stay-green traits of plants. It mainly reflected the growth potential of plants during the vegetative growth period, and reflected the trans formation ability of photosynthesis products of plants after flowering. Some studies have shown that stay-green traits have great potential in selecting for waterstress adaptation (Christopher et al. 2014 (Christopher et al. , 2016 .
The SPAD Minolta 502 Plus (Konica Minolta, Tokyo, Japan) was used to nondestructively determine chlorophyll content, measuring 10 main culm flag leaves from each rep licate plot, and recording the mean data. In both the 2011 and 2012 growing seasons, SPAD was measured at the flowering stage and the mid-grain filling stage.
Statistical analysis
Restricted maximum likelihood (REML) variance com ponents analysis was conducted on the data in 2011 and
Experimental conditions
Trials were conducted in two growing seasons (2011 and 2012) Sowing was done by hand in plots with four rows, 2 m length, and 0.2 m interrow spacing and 624 seeds m -2 sow ing density. Seeds were planted on April 11, 2011 and March 31, 2012 . Before planting, 15 g and 6.8 g of N and P, respectively, were applied per plot in the seedbed. At the seedling (two to three leaves) and jointing stages, 13.8 and 14.5 g N per plot, respectively, were applied. The herbicide 2methy14chlorophenoxy acetic acid was applied once at the rate of 0.15 g m -2 during the jointing stage. In each of the two growing seasons, the experimental layout was randomized complete blocks design with three replicates under each of the irrigation regimes, namely no stress (nonlimited irrigation) and droughtstress (limited irrigation) conditions. Both of the nostress and drought stress treatments used drip irrigation which was independent ly controlled according to the irrigation regime, and the areas under the different irrigation regimes were separated by 4 m isolation zone. Nostress plots (T1) were watered seven times between April 28, 2011 and June 28, 2011 , and eight times between April 18, 2012 and June 28, 2012 , with irrigation intervals of 10 d. Droughtstress plots (T2) were irrigated twice in 2011 at the jointing and heading stages, respectively, and three times in 2012 at the jointing, heading and early grain filling stages. During the 2011 growing season, all plots of T1 and T2 received 105.3 mm rainfall, and plots T1 and T2 received an additional 420 mm and 120 mm irrigation water, respectively. During the 2012 growing season, all plots of T1 and T2 received 95 mm rain fall, and plots T1 and T2 received an additional 480 mm and 180 mm irrigation water, respectively.
Grain yield and DYI, WYI, and YH-WUEI
In both the 2011 and 2012 growing seasons, all the plants (except for those harvested earlier for individual agronomic traits) in the T1 and T2 plots were harvested by hand, threshed by machine, cleaned by hand, and the yield per plot weighed by hand. Weights were expressed at a moisture content of 13%. Performance of the genotypes in each year was evaluated by calculation of the drought yield index (DYI), the water yield index (WYI) and the yield high water use efficiency index (YH-WUEI):
where Y S and Y P are the grain yields of each genotype under droughtstress (T2) and nostress conditions (T1), respec tively, and Y S and Y P are the mean grain yields of all the genotypes under droughtstress and nostress conditions, respectively.
were very similar under both irrigation regimes (Fig. 1B) . NDVI continued to rise from the seedling stage onwards, reaching its peak at the flowering stage then decreasing at the grain filling stage (Fig. 1D) . NDVI at the jointing stage under the nostress and stress conditions were similar be cause drought-stress occurred mainly after the flowering stage. NDVI under droughtstress was lower than that under no-stress conditions at the flowering and grain filling stages. Chlorophyll content at the flowering stage was higher under droughtstress conditions, compared to the nostress condi tions, but decreased sharply at the grain filling stage under the stress conditions (Fig. 1C) .
Evaluation of grain yield of test genotypes under two irrigation regimes
Under nostress conditions, 22 genotypes showed at least 10% higher grain yield and water yield index (WYI) than the mean value of the 152 genotypes. These genotypes were 9645, 'Xinchun 29', 9611, 9650, 9637, 9653, 9657, 'Xinchun 6', 9692, 9638, 9655, 9606, 'Xinchun 23', 9639, 9744, 9608, 9727, 9630, 9649, 'Xinchun 11' and 9729 . Among these genotypes, 'Xinchun 29', 'Xinchun 6', 'Xinchun 23' and 'Xinchun 11' were local varieties, while the others were CIMMYT lines ( Table 3) . Of the 22 geno types, five genotypes (9645, 'Xinchun 29', 9611, 9650 and 9637) achieved 3% higher yield than the local check variety 'Xinchun 6'. CIMMYT genotypes 9672, 9703, 9678, 9701, 9711, 9659, 9661, 9706, 9677, 9702, 9663, 9605, 9662, 9732, 9704, 9684, 9675, 9665, 9670, 9660, 9679, 9740 and 9664 showed 10% lower grain yield than the mean grain yield of the 152 genotypes and 21% lower grain yield than the check variety 'Xinchun 6', and also had lower water yield index values (WYI) ( Table 3) .
Under stress conditions, 26 genotypes achieved grain yields 10% higher than that of 'Xinchun 6' as well as high DYI. These genotypes were 9643, 9646, 9612, 9689, 9642, 9640, 9692, 9729, 9698, 9638 9645, 9606, 9650, 9720, 9627, 9699, 9735, 9611, 9730, 9637, 'Xinchun 29', 9644, 9725, 9655, 'Xinchun 33' and 9726 . Of these superior geno types, only 'Xinchun 29' and 'Xinchun 33' were local varie ties, while the others were from CIMMYT. CIMMYT geno types 9660, 9679, 9662, 9716, 9691, 9661, 9676, 9634, 9674, 9620, 9678, 9668, 9733, 9731, 9670, 9673, 9677, 9732, 9602, 9664, 9617, 9740, 9619 , and 9705 had lower yields, with values 10% and 9.5% less than the mean grain yield of the 152 genotypes and the check variety, 'Xinchun 6', respectively.
Higher DYI, WYI and YHWUEI values >1.05 were observed in 24 genotypes, consisting of twentyone CIMMYTY nursery lines and three local varieties (Table 4) . These genotypes showed high grain yield potential and good yield stability under both nostress and droughtstress conditions. Acceptable plant height was considered to be between 70 and 90 cm, which was adapted to and acceptable for local irrigated wheat production. Ten genotypes, 'Xinchun 29', 9692, 9638, 9606, 'Xinchun 23', 9639, 'Xinchun 11', 2012 (genotype, irrigation and year were the fixed model and row and column were the random model). Pearson's correlation coefficients were determined between grain yield and other evaluated traits within the droughtstress and nostress conditions. Parametric linear regression analy ses and multiple linear regression analysis were conducted among evaluated traits within each of the two irrigation re gimes. Significant differences among genotypes and irriga tion regimes were determined using Fisher's protected Least-Significant Difference at α0.05. Data analysis was performed using Genstat v.17.1 (VSN International Ltd., Hemel Hempstead, UK) and SPSS Statistics v.17.0.1 (IBM Corporation, Armonk, NY, USA).
Results
Differences in agronomic traits between different genotypes and irrigation regimes
REML variance components analysis of the 152 geno types showed significant differences in grain yield (p < 0.001), thousand-grain weight (p < 0.001), grain plumpness (p < 0.001), CT (p < 0.01), NDVI (p < 0.001), SPAD (p < 0.001), grain number per spike (p < 0.001), grain weight per spike (p < 0.001), days to heading (p < 0.001) and plant height (p < 0.001) within and between the two irrigation treatments in both the 2011 and 2012 growing seasons ( Table 1 ). The seasonal effect was not significant for grain yield, grain plumpness, CT, NDVI at flowering and grain filling stages, grain number per spike, grain weight per spike and days to heading. Genotype × Irrigation treatment interaction was also significant (p < 0.05) with regard to grain yield, thousandgrain weight, grain plumpness, CT, NDVI at the flowering and grain filling stages, days to head ing and plant height in both the 2011 and 2012 growing seasons.
Assessment of a set of CIMMYT WPHYSGP nursery lines and local varieties
Comparison of the mean data of the 152 genotypes under trial showed that drought-stress significantly reduced grain yield, grain weight per spike, NDVI at the flowering and grain filling stages, SPAD at the grain filling stage, grain plumpness, grain number per spike, thousandgrain weight, plant height and CT under each of the two irrigation re gimes (Fig. 1) . The mean grain yields of all the genotypes under nostress and stress conditions averaged over the two seasons were 6440.8 kg ha -1 and 3360.8 kg ha -1 , respective ly (Table 2) , representing a significant decrease of 47.8% under droughtstress conditions. Grain weight per spike, NDVI at the flowering and grain filling stages, SPAD at the grain filling stage, grain plumpness, grain number per spike, thousandgrain weight, and plant height decreased by 50%, 45.2%, 30.7%, 22.9%, 22.7%, 21.8%, 20.5%, and 19.5%, respectively, under droughtstress, while CT increased by 12.2% under droughtstress conditions (Fig. 1B-1D ). Spike length, spikelet number per spike and heading date values Relationships between grain yield and agronomic traits Significant negative correlations were obtained between grain yield and CT at the mid-grain filling stage, with coeffi cients of -0.440 and -0.494 (p < 0.001) for no-stress and droughtstress conditions, respectively ( Table 5) . At the mid grain filling stage, CT also correlated significantly negative ly with plant height, days to heading, spikelets per spike, spike length, grain number per spike and grain weight per spike under either irrigation regimes, and with thousand grain weight but only under droughtstress conditions.
Grain yield was positively correlated with NDVI at the 9729, 9746 and 9730 exhibited acceptable plant heights and had high and stable yield under both nostress and stress conditions. Twentyfour CIMMYT genotypes were classi fied as exhibiting low water-use efficiency (DYI < 0.95, WYI < 0.95, YH-WUEI < 0.95) and they were 9675, 9663, 9659, 9711, 9712, 9713, 9672, 9665, 9660, 9679, 9662, 9716, 9661, 9674, 9620, 9678, 9670, 9673, 9677, 9732, 9664, 9617, 9740 stress conditions, the correlation between NDVI and grain yield at the flowering stage was more significant than that at the jointing and mid-grain filling stages. At the jointing stage, NDVI was significantly correlated with plant height, days to heading, thousandgrain weight, spike length, spike let number per spike, grain number per spike and grain jointing (correlation coefficients of 0.551 [p < 0.001]), flow ering (r = 0.543; p < 0.001) and mid-grain filling stages (r = 0.249; p < 0.001) in each of the two irrigation regimes. The correlation coefficients were more significant at the jointing and flowering stages than at the mid-grain filling stage under nostress conditions. However, under drought days to heading under droughtstress conditions. However, at the mid-grain filling stage, NDVI was correlated with days to heading only under nostress conditions. At the mid-grain filling stage, chlorophyll content (SPAD) was positively correlated with grain yield under droughtstress conditions. However, no correlation was ob served between SPAD and grain yield at the flowering stage under drought-stress nor at the flowering or mid-grain filling stages under no-stress conditions. At the mid-grain weight per spike under either irrigation regimes, and with grain plumpness under only droughtstress conditions. At the flowering stage, NDVI was significantly correlated with plant height, days to heading, spike length, spikelet number per spike and grain weight per spike under either irrigation regimes, and with thousandgrain weight and grain plump ness under drought-stress conditions. At the mid-grain fill ing stage, NDVI was significantly correlated with thousandgrain weight, grain plumpness, grain weight per spike and (6) Ranking order of the mean grain yield of genotypes in nostress (T1) conditions and droughtstress conditions (T2) is shown in brackets. Wang et al. 2009 , Zhang et al. 2011 . We evaluated the droughtstress response of a set of WPHYSGP lines, intro duced from CIMMYT, under the two different irrigation re gimes during the 2011 and 2012 growing seasons. Based on yield, DYI, WYI, and YHWUEI, 24 elite genotypes with high and stable yield under droughtstress and nostress conditions were identified. In view of the demand for varie ties of appropriate suitable plant height, 10 of these geno types can be recommended as core parents for breeding for improved drought response in Xinjiang, China. The DYI, WYI and YHWUEI were shown to be very useful for eval uating drought tolerance and to be powerful in identifying genotypes with high yield potential and high water-use effi ciency as well (Li et al. 2006 , Wu et al. 2005 . Interestingly, three out of seven (43%) locally bred varieties were includ ed in the 10 selected superior lines, compared with seven out of 145 (4.8%) CIMMYT lines. In the present study, droughtstress was associated with a noticeable decrease in grain yield, plant height, grain num ber per spike, grain weight per spike, thousandgrain weight, grain plumpness, NDVI at the flowering and grain filling stages and chlorophyll content at the grain filling stage, and to an increase in CT and chlorophyll content at the flowering stage. Plant height and grain weight per plant generally exhibit aboveaverage heritability and have been shown to be very sensitive to droughtstress, so could be recommended as selection criteria for droughtresponse im provement (Chen et al. 2012 , Christopher et al. 2016 . However, another study also showed that the yield compo nents number of kernels per spike and thousandgrain filling stage, SPAD was also positively correlated with thousandgrain weight, grain weight per spike and days to heading. Significant positive correlations were obtained between grain yield and the traits plant height, days to head ing, spike length, spikelet number per spike, grain number per spike, grain weight per spike, grain plumpness and thousandgrain weight.
Multiple linear regression analysis indicated that grain yield was significantly (p < 0.001) related to grain weight per spike, plant height and grain plumpness under the no stress conditions (Fig. 2A) . The three principal factors, grain weight per spike (r = 0.318; p < 0.001), plant height (r = 0.549; p < 0.001) and grain plumpness (r = 0.172; p < 0.001) explained 61.8% of the total phenotypic varia tion in grain yield under nostress conditions in 2011 and 2012. Multiple linear regression analysis also found signifi cantly (p < 0.001) relationships between grain yield and CT, plant height and grain plumpness under droughtstress con ditions (Fig. 2B) . The three principal factors, CT at the grain filling stage (r = 0.244; p < 0.001), plant height (r = 0.244; p < 0.001) and grain plumpness (r = 0.239; p < 0.001) together explained 44.8% of the total phenotypic variation in grain yield under droughtstress conditions in 2011 and 2012.
Discussion
CIMMYT hexaploid spring wheat germplasm has played a global role in assisting wheat breeding with respect to high yield potential and quality improvement (Bhatta et al. 2018, ** Significant at the 0.01 probability level. *** Significant at the 0.001 probability level. NS, non-significant at the 0.05 probability level.
wheat breeding. Many studies have reported that chlorophyll content (measured here as SPAD) was positively correlated with yield under droughtstress conditions (Hamblin et al. 2014 , Yıldırım et al. 2010 . In our study, chlorophyll content at the grain filling stage was positively associated with yield under droughtstress conditions but not under nostress con ditions. Furthermore, chlorophyll content at the flowering stage was not associated with grain yield under either irriga tion regime. The reason for this may be the result of the SPAD measurement affected by leaf glaucousness.
Cooler canopies has been associated with increased stom atal conductance and increased grain yield under irrigated condition (Fischer et al. 1998 ) and with increased rooting depth and greater ability to extract moisture from deeper soil profiles under drought-stress conditions Reynolds 2010, Rutkoski et al. 2016) . CT, dry weight stem -1 , grains spike -1 and watersoluble carbohydrate concentra tion had high mean heritability and were recommended for use in selection for stress tolerance in plant breeding pro grams (Rattey et al. 2011 , Stallmann et al. 2018 . Lower CT was a trait that was proposed for breeding and earlystage selection, aimed at increasing genetic gain for grain yield in waterlimited environments (Reynolds et al. 2009 , Rutkoski et al. 2016 . Our study confirmed that CT was negatively associated with grain yield under wellwatered conditions as well as under droughtstress conditions. CT, especially at the grain filling stage, plant height and grain plumpness were the three principal factors associated with grain yield under droughtstress conditions. NDVI has been used as a criterion to estimate relative biomass before heading ) and the rela tive character of "stay-green" after flowering (Christopher et al. 2014) . "Staygreen" traits may provide cumulative ef fects, together with other traits, which improve adaptation under stress conditions (Christopher et al. 2016, Lopes and Reynolds 2012) . NDVI showed a positive relationship with weight, and especially grain yield were even more sensitive to drought-stress than was plant height (Denčić et al. 2000 , Mwadzingeni et al. 2016 . Improvements in grain yield in recent years were often accompanied by increased thousand grain weight (Feng et al. 2018 , Singh et al. 2007 , Stallmann et al. 2018 . Our study showed that grain weight per spike, grain yield, NDVI at the flowering and grain filling stages, grain plumpness, grain number per spike, thousandgrain weight, plant height and CT were more sensitive to drought stress than were NDVI at the jointing stage, spikelet number per spike, spike length and days to heading. Plants were watered at both jointing and heading stages of drought stress, and spike development was completed before the heading stage, so droughtstress had little effect on NDVI at the jointing stage, spikelet number per spike, spike length and days to heading. The drought stress affected the growth of wheat after flowering stage, especially grain filling, thereby resulting in more change in grain weight per spike, grain yield, NDVI at the flowering and grain filling stages, grain plumpness, grain number per spike, thousandgrain weight, plant height and CT. Grain yield was negatively correlated with CT and positively correlated with plant height, grain number per spike, grain weight per spike, thousandgrain weight, grain plumpness, and NDVI. Low CT and high NDVI reflected better growth potential. The grain number per spike, grain weight per spike, thousand grain weight and grain plumpness all reflected results of grain filling, so they were positively correlated with grain yield. We also found that grain weight per spike, plant height and grain plumpness were the three principal factors related to yield and could explain 61.8% of the total pheno typic variation of grain yield under nostress conditions, so that grain weight per spike and grain plumpness could be used as selection indicator for high yield under stress condi tions wheat breeding. Plant height was a key parameter af fecting lodging and thus grain yield and grain quality, so the appropriate plant height was an important indicator for grain yield under wellirrigated condition, with an even stronger association with grain yield under drought condi tions (Christopher et al. 2016) . In the present study, we found that NDVI in the jointing stage, the flowering stage and the mid-grain filling stage were all significantly posi tively correlated with yield under both nostress and stress conditions.
Wheat drought tolerance is a complex quantitative trait and it is difficult to identify a single trait index which re flects both wheat yield potential and drought tolerance (Chen et al. 2012) . Based on our study, plant height, grain number per spike, grain weight per spike, thousandgrain weight, grain plumpness, NDVI and CT could be recom mended as indicators of drought tolerance improvement in spring wheat. Especially when breeding for improved varie ties for cultivation in irrigated regions, more attention should be paid to screening for low values of CT and high values of grain weight per spike and grain plumpness, in combination with appropriate plant height in spring wheat breeding programs.
